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BACKGROUND

Hydrogen-induced cracking has been a particular problem in armament applications
because of the use of aggressive manufacturing environments (ref 1) and developmental
propellants (refs 2, 3). Also, to meet the battlefield demands of increased range and muzzle
velocity, higher yield strength gun tube materials are being developed. Ultimately this will result
in a greater susceptibility of these materials to hydrogen-induced cracking. Of course, hydrogen-
induced cracking is not a problem isolated to armament applications, but it is also a persistent
problem in a variety of other industries including the welding, chemical, paper processing, oil
and gas, and aerospace industries.

Previous hydrogen cracking studies were conducted on ASTM A723 steel using the
constant displacement bolt-loaded compact specimen (ref 4). Stage I crack growth rates (da/dt)
increased by approximately an order of magnitude from 10 mm/s to 10* mm/s upon increasing
the yield strength from 1130 MPa to 1275 MPa. This work was recently investigated further to
determine the hydrogen cracking susceptibility of A723 steel at yield strengths up to 1380 MPa.
Under identical test conditions, results again demonstrated a dramatic correlation between yield
strength and crack growth rates. In fact, for only a 22% increase in yield strength from 1130
MPa to 1380 MPa, Stage II da/dt increased by approximately 300-fold (Figure 1).

The rapid crack growth rates observed with A723 steel necessitated development of an in
situ crack growth technique, since even higher strength materials (i.e., AF1410 and AerMet 100)
were to be tested. Before the in situ crack measurement technique was developed, crack
measurements were laboriously taken using an optical microscope. Initially, both the direct
current potential drop (DCPD) and instrumented bolt techniques were pursued. However, with
the DCPD method, significant underestimation of crack length occurred. This was attributed to
electrical shorting between the pin and the bolt and/or shorting between the crack surfaces (ref 5).
Consequently. instrumented bolts were investigated because of their low cost and relative ease of
use.

A comprehensive literature review was performed to determine previous environmental
cracking investigations using the bolt-loaded specimen and instrumented bolt. Surprisingly, the
only published investigations of environmental cracking using the bolt-loaded specimen and
instrumented bolt were by Chung et al. (refs 6, 7), who conducted stress corrosion cracking
studies on sensitized 304 stainless steel at elevated temperatures.

MATERIALS, HEAT TREATMENTS, AND TEST ENVIRONMENT

AF1410 and AerMet 100 steels were tested in this investigation to demonstrate the
instrumented bolt technique. AF1410is an Air Force developed iron-cobalt-nickel alloy noted
for its high strength and high toughness. AF1410 is strengthened by the martensite
transformation, as well as formation of coherent chromium and molybdenum carbides (ref 8).



AF1410 was tested in the conventional heat-treated condition, as well as the isothermally-
processed condition. The ASTM grain size number of conventionally heat-treated AF1410 was
approximately 10.8. Previous work conducted by Vigilante et al. (ref 9) demonstrated that the
producibility of AF1410 could be greatly improved through molten salt isothermal processing,
wherein a mixture of bainite and martensite is formed. Initial tests determined no significant
changes in the mechanical properties of AF1410 containing this microstructure. The ASTM
grain size number of the isothermally-processed AF1410 was approximately 10.7. AerMet 100
is the commercially available version of AF1410, and has even higher strength due to an increase
in the carbon, chromium, and molybdenum content for additional precipitation hardening.
AerMet 100 is used in critical applications where ultrahigh strength and high toughness are
essential, such as in military aircraft landing gear. The ASTM grain size number of the AerMet
100 tested was approximately 11.1. Tables 1 and 2 list material chemistry and pertinent physical
and mechanical property data for these steels and Table 3 lists heat treatment information.

A concentrated 50% H,S0, /50% H,PO, solution by volume (pH ~1) was used to
generate hydrogen in all of the tests conducted. This solution has been used in prior work to
promote rapid hydrogen cracking in high strength steels and nickel-iron superalloys (ref 4).

TEST PROCEDURE

Constant Displacement Bolt-Loaded Compact Specimen

The 0.486 H/W constant displacement bolt-loaded compact specimen was used for all
tests (Figure 2). The W dimension was 50.8 mm for these specimens. The thickness of the
specimens was 0.375 W rather than 0.50 W in order to increase the applied stress intensity while
remaining within the maximum load capacity of the instrumented bolt. Since these materials arc
highly susceptible to hydrogen-induced cracking (low K,;;,c), @ small reduction in the thickness
will not affect the validity of the test to meet plane-strain requirements. All bolt-loaded
specimens were fatigue precracked at stress intensity levels less than 75% of applied stress
intensity during hydrogen cracking testing. In order to reduce the applied load, all specimens
were tested at either initial applied stress intensity levels of 55 MPa m"”? or 82 MPa m'” and were
tested with an initial /W of approximately 0.5. Test durations using the instrumented bolt were
typically I to 2 hours. As discussed below, this was more than enough time to achieve
significant cracking and to reach the threshold stress intensity, K, in these materials.
However, for more accurate threshold measurements, additional specimens were tested with
standard bolts for longer durations, typically 1000 hours. After test termination, each specimen
was manually overloaded to expose the fracture surfaces. The remaining ligament was measured
using a machinist’s microscope to determine K,;;,. The fracture surfaces were examined using a
scanning electron microscope to characterize the fracture morphology.
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Instrumented Bolt

Instrumented bolts are commonly used to measure tensile loads for a variety of different
applications. However, with the constant displacement bolt-loaded specimen, the bolts undergo
compressive loading. Several ¥2-20 UNF instrumented bolts were fabricated for these tests out of
17-4 PH martensitic stainless steel (H1025 condition). The bolts were instrumented with a full

-bridge strain gage 9.525 mm (3/8 in.) from the end of the bolt and they had a load bearing
capacity of 44.5 kN (10,000 Ibs.). A drawing of the instrumented bolt is shown in Figure 3. The
cost of each bolt was less than five hundred dollars, thus providing a cost effective technique to
measure in situ crack growth.

The instrumented bolt was mounted into a servo-hydraulic mechanical test machine to
determine the accuracy of the bolt. The load output (mv) from the instrumented bolt was
compared to the load cell output from the mechanical test machine at 4.5 kN (1000 1b.) intervals
from 4.5 to 40 kN (9000 Ibs.). The load from the instrumented bolt was accurate to 155 N (35
Ibs.) and was repeatable to £45 N (10 lbs.) over the full range of load tested. In addition, the load
output from the instrumented bolt was compared to the theoretical v/P expressions for the 0.486
H/W bolt-loaded specimen at a/W of 0.3 to 0.9. Care was taken to ensure that both the pin hole
and the bolt hole were parallel and perpendicular within 0.0254 mm of reference surfaces. A
hardened hemispherical ball bearing was used between the pin and the instrumented bolt to
facilitate point contact and alignment. At all a/W, the load from the instrumented bolt was
measured and the drop in load was monitored with time as the crack advanced. A 12-bit
resolution analog/digital (A/D) plug-in card monitored the instrumented bolt output. To improve
sensitivity, the gain on the acquisition software was maximized. The floating error with the data
acquisition system was 135 N (30 lbs.).

v/P,. K/P, and a/W Expressions

The wide range expression for K/v versus a/W used with the bolt-loaded specimen tests
here was recently published by Underwood et al. (ref 1). This is also the expression used for the
ongoing incorporation of the bolt-loaded specimen into ASTM Method 1681 for
- environmentally-assisted cracking tests on metallic materials. The expression is

KWYEv(1-a/W)'? = 0.654 - 1.88(a/W) + 2.66(a/W)* - 1.233(a/W)? (1)

for XIW = 0.255, H/W = 0.486, 0.3 2 a/W 2 1.0



- However, for instrumented bolt tests, additional expressions for K/P and v/P versus a/W
are necessary to determine stress intensity and crack growth from the load output of the
instrumented bolt. Figure 4 summarizes some available K/P versus a/W results for the bolt-
loaded specimen as well as a new K/P expression developed here. Newman’s numerical data
used by Lisagor are shown, along with the plot of Lisagor’s expression fitted to the Newman data
(ref 9). Using the deep-crack bending limit K solution (ref 11), it can be shown that the limit of
the K/P expression in the form here is

lim,,, ,[KBW"Y/P(1 -a/W)**/(2 +alW)] = 1.325 2)

Note that the Lisagor expression does not approach the deep-crack limit. The expression
of Saxena and Hudak (ref 12) properly approaches the deep-crack limit, but it deviates from the
Newman data at small a/W, because apparently it was fitted to earlier Newman data that did not
represent the bolt and pin configuration as well as the later data used here. The K/P expression
developed here is

(KBW'IP(1 -a/W)yY(2 +al/W) = 1.515 + 3.22(a/W) -
(3)
12.76(a/W)* + 15.17(a/W)} - 5.82(a/W)*

Jor XIW = 0.255, H/'W= 0.486, 0.2 > a/W > 1.0

This expression fits the Newman data within 0.6%, except for /W = 0.9, where the fit is
within 1.5%. However, the 1.5% difference at /W = 0.9 can be disregarded, considering that the
expression fits the deep-crack limit within 0.1% and that numerical methods at high a/W can be
in error.

An /W versus v/P expression is useful with instrumented bolt specimens to calculate

crack length and crack growth rates from load values as the test proceeds. Using the deep-crack
bending limit angular displacement solution (ref 12),

0 = 15.80 M/EB(W - a)? 4)



The relationships M = PW and 6 = v/(W+X), which hold at the deep-crack limit, are
(vEB/P)(1 -a/W)* = 15.80(1 +X/W) ’ (5)

Equation (5) shows that an expression in the form a/W = function [1/(vEB/P)"*] would be
expected to provide a good fit of the data. The expression developed using this form is
shown in Figure 5 and is given as

alW =1 -391Z - 477Z* + 32.03Z° - (6)

where Z = 1/(vEB/IP)'?, XIW = 0.255, H/W = 0.486, 0.3 > a/W > 1.0

Using equation (6) with (vVEB/P) from the Newman numerical data, the calculated a/W is
within 0.003 of the actual values of a/W.

The expressions of equations (1), (3), and (6) were used to calculate crack-mouth
displacement, load, and crack length for the bolt-loaded compact specimen tests described here.
The new expressions, equations (3) and (6), are particularly useful for determining crack growth
rate, da/dt, using an instrumented bolt. -

RESULTS AND DISCUSSION

Crack Growth Rates. da/dt. and Threshold Stress Intensities, K¢

As mentioned earlier, test durations of only a few hours were sufficient to achieve deep
cracking and Ky, limits. K, .4 versus time for A723 (1380 MPa yield strength), AF1410, and
AerMet 100 tests are shown in Figure 6. This figure dramatically illustrates the rapid hydrogen
crack advance in these materials, as well as the need for in situ crack measurement techniques
such as the instrumented bolt.

Stage II da/dt values for conventionally processed AF1410 were approximately 1.1E”
mm/s compared to 2.3E? mm/s for the isothermally processed AF1410 (Figure 7). Threshold
stress intensity values for the conventionally processed AF1410 were approximately 16 MPa m'?
compared to approximately 13.7 MPa m"” for the isothermally processed AF1410. The increase
in susceptibility of the isothermally processed AF1410 could be attributed to pockets of
metastable retained austenite ahead of the crack tip that transforms into a highly susceptible
martensitic microstructure; however, this was not confirmed.



The stage II da/dt values for the AerMet 100 specimens were approximately
2.4E2 mm/s (Figure 7). This is much higher than the Stage II da/dt of 2.0E™* mm/s measured by
Atrens and reported by Graves (ref 13) in 3.5% NaCl. The hydrogen crack growth rates were
believed to be higher simply because the acid environment used for these tests is a much more
aggressive environment. The threshold stress intensity of the AerMet 100 specimens tested was
approximately 14.1 MPa m'2. The hydrogen-cracked fracture morphology of the AF1410
specimens, both conventional and isothermal, was predominantly intergranular, while the
remaining ligament was ductile (microvoid coalescence). The hydrogen-cracked fracture
morphology of the AerMet 100 specimens tested was both transgranular and intergranular. The
remaining ligament, however, was entirely microvoid coalescence. The fractographs of AF1410
and AerMet 100 specimens can be found in Figures 8 and 9.

Instrumented Bolt

A/D conversion errors affected post-test analysis in the Stage I portion of cracking. The
slow crack advance in these regions, coupled with a relatively high sampling rate, resulted in
fluctuations in the load measurement. For example, Figure 7 shows the conventional AF1410
data that caused initial errors in da/dt analysis. These errors were mitigated by the use of a ten
point (or less) moving average of the data and by a decrease in the sampling rate.

The inherent errors in the instrumented bolt and in the 12-bit A/D converter card had a
minimal effect on the crack length measurement. Under the test conditions used in this work, at
the initial K ;.9 (/W =0.5), a 155 N error resulted in only a 0.05-mm error in crack length.
However, at deeper cracks (/W = 0.9), a 155 N error resulted in a 0.3-mm error in crack length.
These errors could be further reduced from £155 N to +£8 N by using a 16-bit card rather than a
12-bit card in the data acquisition electronics.

When using an instrumented bolt with a bolt-loaded specimen, the discrepancy between
the load from the instrumented bolt and the predicted load from the bolt-loaded specimen

expressions is believed to be a fundamental problem. This is a logical conclusion since

° The load from the instrumented bolt was known to be accurate when compared to
a mechanical tester in near perfect alignment;

] The pin and bolt holes in the bolt-loaded specimen were precisely machined;

L A point contact was made between the instrumented bolt and the pin in the bolt-
loaded specimen.



The source of error is believed to be caused by two aspects of the instrumented bolt and

bolt-loaded specimen configurations. First, the bolt-loaded specimen is asymmetric and the
loading arms bend during application of the load. This results in misalignment between the axis
of the instrumented bolt and the axis of the load applied to the end of the bolt. Second, because
of the close proximity of the strain gage to the end of the bolt, the strain gage output is affected
by the misalignment between the bolt and load axes. The result is an underestimation of the load
in the bolt-loaded specimen by approximately 20%.

SUMMARY AND CONCLUSIONS

1.

Rapid Stage II hydrogen crack growth rates in high strength steels necessitated the
development of a low cost, reliable in situ crack measurement technique, the
instrumented bolt. :

A %2-20 UNF bolt instrumented with a full bridge strain gage was coupled to an automatic
data acquisition system to measure and record in situ hydrogen crack growth.

In order to fully utilize the capabilities of the instrumented bolt and bolt-loaded specimen,
new expressions were developed for K/P versus /W and a/W versus v/P.

The load measured from the instrumented bolt was approximately 20% less than the
predicted load from expressions for the bolt-loaded specimen. This was overcome by
calibrating the load data accordingly after test termination. The discrepancy in load is a
fundamental problem with the configuration of the bolt-loaded specimen due to bending
in its loading arms coupled with the proximity of the strain gage to the end of the
instrumented bolt.

- AF1410 and AerMet 100, two ultrahigh strength steels, were used to demonstrate the

capabilities of the instrumented bolt. In addition, a new isothermal heat treatment of
AF1410 was tested to characterize the material’s hydrogen embrittlement susceptibility.

The Stage II crack growth rates of isothermal and conventional AF1410 were 1.1E? mm/s
and 2.3E” mm/s, respectively. The threshold stress intensity levels of the two heat
treatments of AF1410 were 16.0 MPa m'? and 13.7 MPa m'”?, respectively. The Stage I
crack growth rates of the AerMet 100 material were 2.4E and the threshold stress

intensity was 14.1 MPam'”.
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Table 1. Material Chemistry for AF1410 and AerMet 100

(Wt. %)

Element AF1410 AerMet 100
Carbon 0.13-0.17 0.21-0.25
Cobalt 13.5-14.5 13.0-14.0
Nickel 9.5-10.5 11.0-12.0
Chromium 1.8-2.2 2.9-33
Molybdenum 0.90-1.10 1.1-1.3
Manganese 0.10 max. 0.10 max.
Sulfur 0.005 max. 0.005 max.
Phosphorous 0.008 max. 0.008 max.
Titanium 0.015 max. 0.015 max.
Iron Balance Balance

Table 2. Pertinent Physical and Mechanical Properties
Property AF1410 AF1410 AerMet 100
Conventional Isothermal
Young's Modulus, E 203 203 193
(GPa)
0.2% Yield Strength 1551 1530 1725
(MPa)
Fracture Toughness, 172 187 127
K, . (MPam®)
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Table 3. Heat Treatments Employed

Material

Heat Treatment

AF1410 Conventional

900°C 1 hour, air cool
840°C 1 hour, air cool
Age 510°C 5 hours, air cool

AF1410 Isothermal

900°C 1 hour, air cool

840°C 1 hour, air cool to 300°C
Isothermal hold for 1 hour, air cool
Age 510°C S hours, air cool

AerMet 100

885°C 1 hour, oil quench ’
Refrigerate at -73°C 1 hour, air warm
Age 482°C 5 hours, air cool

1



2
E
T
I
=
g
S
&
=]
=
=
=
o
=t
3]
2]
i
&,

1E-2 <
: . 1380 MPa YS
1E.3 + . s = (200 Ksi YS)
-3 % .
:
8 1275 MPa YS
1E-4 £ 0o @ (185 Ksi YS)
E oo
- % © A
- 4 4 1145MPa YS
1E-5 Eos © ‘4 A
a l:» %o QOQ “A ' A ‘“A “. 4 s (165 Ksi YS)
3 ° Dg& 8° A :‘AA
1E-6 —E ;%ﬂ‘% A '\
- ° g)o A A
1E-7 ¢ ‘
: n 4
. ok 4
1E-8 - 0 : ‘ e ! '
0 10 20 30 40 50 60

Applied Stress Intensity (MPa mm)

Figure 1. Effect of increasing yield strength on crack growth rates in ASTM A723 steel.

12



/ 0.25W UNF THREAD
!

T ]
oo 1 1
I T
] ' H= o0.486wW il ¥
:| ‘ v l I 1
| | Ll l l i Q H 1|
; T 0125w :
- (+ —~
1 — 0.25W DIA. -
I a ' ’ !
W X— ' B = 0375W —
1.255W = 7w
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Figure 3. 17-4 PH stainless steel instrumented bolt; note English units.
(Printed with permission from Strainsert Company, West Conshohocken, PA.)
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Figure 4. New K/P versus a/W expression for the 0.486 H/W bolt-loaded specimen.
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Figure 5. New a/W versus v/P expression for the 0.486 H/W bolt-loaded specimen.
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Figure 6. Representative K ..q versus time data for A723, AF1410, and AerMet 100;
bolt-loaded specimen tested in H,SO,/H,PO, acid.
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Figure 7. da/dt data on AF1410 and AerMet 100 using the instrumented bolt.
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Figure 8. Morphology of the hydrogen-cracked portion of AF1410, both
conventional and isothermal, showing predominantly intergranular structure
on left with the remaining ligament entirely ductile on right (magnification 500X).
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Figure 9. Morphology of hydrogen-cracked region of AerMet 100
showing intergranular and transgranular structure on left with the
remaining ligament entirely ductile on right (magnification 500X).
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